Daptomycin (DAP) is bactericidal against methicillin-resistant Staphylococcus aureus (MRSA) in vitro, but it failed to eradicate MRSA in an experimental model of implant-associated infection. We therefore investigated various factors which could explain treatment failure by evaluating DAP activity, including the role of different cell wall components, adherence, biofilm, and calcium ions (Ca 2؉ ) in vitro and in vivo. In the tissue cage infection model, DAP was active only prophylactically and against low inocula. To identify the mechanisms of treatment failure, the in vitro activity of DAP against planktonic and adherent growing S. aureus and S. epidermidis mutants, differing in their capacity of biofilm formation and adherence, was determined. For planktonic staphylococci, the MIC was 0.625 g/ml. For adherent staphylococci, DAP reduced biofilms at 30 g/ml. However, it did not kill adherent bacteria up to 500 g/ml, independent of biofilm biosynthesis (the ica mutant strain), nuclease (the nuc1/nuc2 mutant strain), LPXTG-anchored adhesin (the srtA mutant strain), autolysin (the atl mutant strain), or alanyl-LTA (the dltA mutant strain). Resistance of adherent staphylococci was not due to mutations of adherent bacteria, since staphylococci became DAP susceptible after detachment. Phenotypic tolerance was not explained by inactivation of DAP or inability of initial Ca 2؉ -DAP complex formation. However, the addition of up to 100 mg/liter (2.5 mmol/liter) Ca 2؉ gradually improved bactericidal activity toward adherent staphylococci in vitro and increased the prevention rate in the cage model from 40% to 60%. In summary, adherent staphylococci are resistant to DAP killing unless Ca 2؉ is supplemented to physiologic concentrations.
Prosthetic joints are increasingly used to maintain a good quality of life in patients with damaged joints. Hip and knee implants have good long-term results (19) . However, they carry the risk of bacterial infection. Staphylococci (Staphylococcus epidermidis and Staphylococcus aureus) are the most frequent causes of periprosthetic hip and knee infections (S. epidermidis, 30 to 43% of infections; S. aureus, 12 to 23%) (43) . Immediately after implantation, extracellular plasma proteins cover the implant surface. Staphylococci adhere to these proteins through their microbial surface components recognizing adhesive matrix molecules (MSCRAMMs). Subsequently, staphylococci aggregate to form a biofilm, which consists of polysaccharide intercellular adhesin (PIA) (10) , extracellular DNA (32) , or proteins (fibronectin binding proteins or Aap/SasG) (10, 26) . The biofilm matures into a three-dimensional structure and undergoes quorum sensing-controlled dispersion at its surface (27) . The biosynthetic enzymes of PIA are encoded by the ica operon. This is controlled by global regulatory networks, which suppress virulence factor gene expression and thereby maintain this special mode of growth (10, 15, 24, 27) . The gene changes, which stabilize staphylococci in stationary phase in biofilm, may also explain the limited activity of antibiotics that target growing cells against bacteria in biofilms (5, 10, 27, 28) . The biofilm further confers resistance against innate host defense by preventing bacterial complement binding and reducing phagocytosis (16, 40) .
For successful treatment of device-related infections, drugs with bactericidal effects on surface-adhering, slowgrowing, and biofilm-producing microorganisms are needed. These antimicrobial compounds should penetrate the biofilm, act independently of the bacterial physiological state, and prevent further adherence and biofilm formation. So far, antibiofilm drugs such as dispersin have been tested in vitro. However, none of the compounds significantly eradicated biofilms when applied alone (20, 27) .
A promising candidate might be the cyclic lipopeptide daptomycin (DAP). Despite its high affinity for proteins, it exhibits concentration-dependent bactericidal activity against Gram-positive organisms, including methicillin-resistant S. aureus (MRSA) (35) . It leads to rapid calciumdependent cell death due to membrane depolarization (13, 34, 37) . The bacterial membrane is the only target for DAP. It has been previously shown that DAP does not require cell division or active metabolism for bactericidal activity, although it is more active against growing staphylococci (12, 22) . However, we and others could previously show that DAP was not able to eradicate adherent staphylococci in an implant-associated infection model at clinically relevant doses (12, 25) . We therefore investigated the mechanism of phenotypic tolerance of adherent staphylococci to DAP in vitro and in vivo in the present study.
We found that DAP treatment failed to eliminate adherent staphylococci independent of biofilm formation. However, by increasing the DAP or calcium concentration, the efficacy of DAP against adherent bacteria was improved in vitro and in the implant model in vivo. (11, 16) , and the isogenic S. epidermidis SE1457 ⌬luxS::ermB mutant (kindly provided by M. Otto). For the analysis of DAP concentrations in the tissue cage fluid, Kocuria rhizophila (ATCC 9341), formerly known as Micrococcus luteus, was used as an indicator organism in the bioassay.
MATERIALS AND METHODS

Bacterial
The strains were stored at Ϫ70°C in a cryovial bead preservation system (Microbank; Pro-Lab Diagnostics, Richmond Hill, Ontario, Canada). For preparation of the inoculum, a bead was incubated in 1 ml of Trypticase soy broth (TSB) (Becton Dickinson and Company, Allschwil, Switzerland) for 7 h at 37°C, diluted 1:100 in fresh TSB, and incubated overnight at 37°C without shaking. The overnight culture was diluted 1:100 and further incubated 5 to 6 h at 37°C to reach the logarithmic growth phase. Afterwards, bacteria were washed twice with 0.9% saline (Bichsel, Interlaken, Switzerland) and diluted to the needed inoculum. Bacterial numbers were determined by plating aliquots from appropriate dilutions on agar, followed by colony counting after 24 h of incubation at 37°C.
Antimicrobial agent. Daptomycin was supplied by Novartis Pharma Schweiz AG (Bern, Switzerland). Stock solutions were prepared in pyrogen-free 0.9% saline. It was supplemented with 50 mg/liter (1.25 mmol/liter) calcium ions (Ca 2ϩ ) (CaCl 2 ) in vitro, unless indicated otherwise. Animal model. We used a mouse model of foreign-body infection established by Kristian et al. (17) . The method was approved by the review board of the Kantonale Veterinaeramt Basel-Stadt (permit no. 1710). Experiments were conducted according to the regulations of the Swiss veterinary law. Male C57BL/6 mice, 9 to 11 weeks old (Harlan Laboratories, Switzerland), kept in the Animal House of the Department of Biomedicine, University Hospital Basel, were anesthetized via intraperitoneal (i.p.) injection of 65 mg/kg ketamine (Ketalar; Warner-Lambert) and 13 mg/kg xylazium (Xylasol; Graeub). A sterile tissue cage (Angst ϩ Pfister AG, Zurich, Switzerland) containing eight sintered-glass beads (Sikuf, Schott Schleifer, Muttenz, Switzerland) was implanted subcutaneously. After surgery, mice were treated with 0.05 mg/kg buprenorphine (Temgesic; Essex Chemie AG, Luzern) to treat postoperative pain. After complete wound healing (2 weeks), cages were tested for sterility by culturing the aspirated tissue cage fluid (TCF).
Pharmacokinetic study. A single i.p. dose of 30 or 40 mg/kg DAP was injected (6 mice per group). The pharmacokinetic levels of DAP were investigated in TCF of uninfected mice at various time points (2, 4, 6, 8 , and 24 h after drug administration). TCF was collected by cage puncture and centrifuged at 2,100 ϫ g for 7 min. The supernatant was stored at Ϫ20°C until further analysis.
The concentration of DAP was evaluated by a previously described bioassay method (33) . Briefly, 4 ϫ 10 3 to 5 ϫ 10 3 CFU/ml of a 6-h K. rhizophila (ATCC 9341) culture was added to antibiotic medium 11 (Difco, Becton Dickinson and Company, Allschwil, Switzerland) and used to fill bioassay dishes (Fisher Scientific, Wohlen, Switzerland). Samples in duplicate were applied in punched holes. A standard curve was established with a range from 1 to 128 g/ml DAP in phosphate-buffered saline (PBS) (0.01 M, pH 7.4) supplemented with one volume of sterile TCF. To determine the DAP concentrations in TCF over time, the diameters of the inhibition zones of the standard probes were plotted against the logarithm of the concentrations.
Minimal infective dose (MID).
To evaluate the MID for MRSA, 10 2 to 10 5 CFU was injected into the tissue cage (3 mice per group). At different time points, TCF was collected in 1.5% EDTA (in 0.45% NaCl, pH 7.3) and bacterial numbers were determined by plating. The MID was defined as the count of CFU/tissue cage which was required to induce a persistent infection (15 days) in 100% of the tissue cages. Prophylaxis study. DAP (40 mg/kg, administered to 5 mice per group) was i.p. administered 6 h before the injection of 3 ϫ 10 2 CFU MRSA cells. In a second approach, an additional i.p. dose of 40 mg/kg DAP was administered 6 h after the injection of MRSA. In a third approach, the Ca 2ϩ concentration in the cage was increased by adding 50 mg/liter at the time of infection. In all three approaches, saline served as a control. TCF was collected in EDTA, and tissue cages were explanted 24 h after inoculation. TCF was used to determine the efficacy of DAP against planktonic bacteria by plating aliquots from appropriate dilutions on blood agar plates. The efficacy was expressed as the difference in bacterial counts (⌬log 10 CFU/ml) between inoculation and 24 h later. The tissue cages were incubated in TSB for 48 h at 37°C before the prevention rate was determined by plating the supernatant. The prevention rate is defined as the number of cages without growth divided by the total number of inoculated cages.
Treatment study (1-day infection). Mice were infected with 4 ϫ 10 4 and 3 ϫ 10 2 CFU MRSA cells, respectively. After 24 h, TCF was aspirated and bacterial numbers were determined by plating to prove an established infection. For therapy, infected mice were treated with saline (control group) and 40 mg/kg DAP i.p. every 24 h for 4 days before the animals were sacrificed 5 days later. On day 9, TCF was collected to quantify planktonic bacteria and tissue cages were explanted to determine the efficacy of DAP against adherent MRSA (cure rate). The efficacy of DAP against planktonic bacteria was quantified as the difference in bacterial counts (⌬log 10 CFU/ml) before and 5 days after the end of treatment. The cure rate was defined as the number of cages without growth divided by the total number of cages in the individual treatment group.
Biofilm assay. MRSA cells at 10 5 CFU/ml were seeded into flat-bottom 96-well plates (Becton Dickinson and Company, Allschwil, Switzerland) and treated with 30 g/ml and 500 g/ml DAP. After 24 h of incubation at 37°C, biofilm was stained using crystal violet as previously described (18) . Briefly, supernatants were removed by using a dropper and plates were washed twice with PBS. The biofilm was fixed by incubating plates for 60 min at 60°C and stained with 100 l of a 0.5% crystal violet solution for 20 min at room temperature (RT). After the plates were washed under running tap water, 100 l of 33% acetic acid was added, and the optical density was measured at 590 nm using a Molecular Devices reader (Applied Biosystems, Rotkreuz, Switzerland).
In vitro susceptibility. According to the CLSI guidelines, a standard inoculum of 1 ϫ 10 5 to 5 ϫ 10 5 CFU/ml was used. The MIC (lowest DAP concentration that inhibits visible bacterial growth) and the minimal bactericidal concentration in the logarithmic growth phase (MBC log ) (lowest DAP concentration which kills Ն99.9% of the initial bacterial count in 24 h) (23) were determined by using 2-fold dilutions of DAP in Mueller-Hinton broth (4) .
Daptomycin effects on adherent and detached staphylococci. MRSA, SA113 wt and its isogenic mutants, and SE1457 wt and its isogenic mutant were incubated at 10 5 CFU/ml in TSB supplemented with additional 0.5% glucose for 18 h at 37°C in uncoated or 50% plasma-precoated (2 h, RT) flat-bottom 96-well plates. After nonadherent bacteria were washed away with PBS, adherent bacteria were treated with DAP at 0 g/ml, 30 g/ml, and 500 g/ml for 24 h at 37°C. Then biofilm was stained using crystal violet as described above and adherent bacterial numbers were determined by plating after detachment. To avoid cell clusters, adherent bacteria were detached carefully by pipetting up and down.
To investigate the efficacy of DAP against detached bacteria, adherent MRSA cells were detached by pipetting up and down after 18 h of seeding. Detached MRSA cells were treated with DAP at 0 g/ml and 30 g/ml for 24 h, the optical density was measured at 590 nm, and viable counts were determined. DAP efficacy was also tested against dispersed MRSA ex vivo. To that aim, tissue cages without sintered glass beads from the 1-day infection study were incubated in TSB for 48 h at 37°C. Dispersed MRSA cells (10 5 CFU/ml) were incubated in a 96-well plate with 0 g/ml, 0.625 g/ml, or 30 g/ml DAP. After incubation for 24 h at 37°C, the optical density at 590 nm was measured. TSB without MRSA and DAP served as a negative control.
To evaluate the activity of DAP after 24 h of treatment of adherent MRSA, the supernatant was collected, filtered under sterile conditions, and added to 10 5 CFU/ml fresh planktonic MRSA cells. After 24 h at 37°C, the optical density at 590 nm was measured.
Calcium competition assay. Adherent MRSA cells were treated with nonpreincubated or Ca 2ϩ -preincubated DAP (30 g/ml with 50 mg/liter Ca 2ϩ for 2 h at RT). After 24 h of incubation at 37°C, adherent bacterial numbers were determined after detachment.
To confirm the effect of additional Ca . The difference in adherent bacterial counts before and after 24 h of incubation was plotted.
Statistical analysis. Treatment effects were analyzed with the Mann-Whitney U test. A two-way analysis of variance (ANOVA) test was used for statistical analysis of the in vitro data. A P value of Ͻ0.05 was considered statistically significant. Statistical analysis was done with 5.0a Prism (GraphPad Software).
RESULTS
Daptomycin efficacy is influenced by infection time and inoculum in vivo.
We previously reported that DAP monotherapy was not successful against implant-associated MRSA infection in guinea pigs (12) . The aim of the present study was (Fig. 1) . For the following treatment studies, DAP at 40 mg/kg was used. We asked whether DAP efficacy was better when a lower inoculum was used or when given prophylactically, i.e., before establishment of a biofilm. The minimal infective dose (MID) of MRSA cells for induction of a persistent infection in tissue cages of C57BL/6 mice was 3 ϫ 10 2 CFU/cage. Therefore, all experiments were performed with at least this inoculum.
First, the efficacy of a 4-day treatment of DAP against planktonic and adherent MRSA was assessed in a 1-day infection study with an inoculum of either ϳ10 4 or ϳ10 2 CFU/cage (Fig.  2) . One day after infection, planktonic bacterial numbers had increased more than 2-fold over numbers in the initial inoculum (data not shown). Five days after the end of treatment, the numbers of planktonic bacteria were not significantly reduced (0.6 log 10 CFU/ml) and DAP failed to cure any tissue cages infected with the high inoculum ( Fig. 2A and B) . In contrast, DAP killed 3 log 10 CFU/ml planktonic bacteria and cured 33% of tissue cage-associated infections in mice with the low inoculum ( Fig. 2A and B) . As expected, untreated mice showed an increase of 2.7 log 10 planktonic CFU/ml and no spontaneous cure ( Fig. 2A and B) .
To study whether DAP prevents colonization of implants, we administered 40 mg/kg DAP prophylactically 6 h before infection with the MID inoculum of 3 ϫ 10 2 CFU. One day after infection, untreated mice showed an increase of 1.3 log 10 CFU/ml ( Fig. 2A) . DAP reduced the planktonic bacteria by 2.3 log 10 CFU/ml to minimal CFU numbers, and it was able to prevent 40% tissue cage-associated infections (Fig. 2B) . In a second series of experiments, a second 40-mg/kg DAP dose was applied 6 h after infection in order to achieve prolonged bactericidal drug levels in the cage. Under these conditions, CFU numbers were reduced by 3 log 10 CFU/ml to a few counts within 24 h and DAP prevented infection in all tissue cages (Fig. 2B) .
Taken together, DAP was partially efficacious in the 4-day therapy only when a low inoculum was used. Complete prevention of cage-associated infection was reached only with 2 consecutive doses of DAP before and after inoculation.
Daptomycin is not bactericidal on adherent staphylococci in vitro. Since DAP did not eradicate tissue cage-associated infection when treatment was started 1 day after inoculation, we asked whether the biofilm prevented killing. In addition, the effect of cell wall modifications on DAP susceptibility was assessed in order to link phenotypic resistance of adherent staphylococci to defined molecules participating in adherence.
First, we compared the susceptibility of planktonic wild-type (wt) and mutant staphylococci to DAP in vitro (Table 1 ). All tested SA113 and SE1457 strains had a MIC of 0.625 g/ml and MBC log of 1.25 g/ml except for the ⌬dltA mutant, which was more sensitive. The ⌬dltA mutant lacks alanylation of lipoteichoic acid (LTA) and expresses less biofilm (10) . DAP was similarly efficient against planktonic staphylococci inde- The ⌬luxS mutant shows a higher ica gene transcription and more biofilm (41) . Further, the MIC for DAP was unaltered in the ⌬nuc1/nuc2 mutant, which accumulates undegraded extracellular DNA and has more PIA-independent biofilm (21) . Finally, in the ⌬srtA mutant, lacking LPXTG-anchored cell wall molecules, and in the ⌬atl mutant, missing autolysins and biofilm (3), the MIC for DAP was also unaffected. These results suggest that only the positive charge conferred by alanine to LTA affected DAP efficacy on planktonic staphylococci.
In addition, the effect of DAP on adherent staphylococci was assessed. The DAP effects both on PIA-positive or PIA-independent biofilm and on adherent staphylococci were quantified 24 h after incubation with 30 and 500 g/ml DAP. Biofilm was measured with crystal violet staining. This stain does not discriminate between live and dead bacteria; it binds to negatively charged surface molecules and polysaccharides (29) . The crystal violet staining was moderate in untreated SA113 wt and the ⌬srtA mutant, lower in the ⌬ica, ⌬atl, and ⌬dltA mutants, and 3-fold higher in the ⌬nuc1/nuc2 mutant (Fig. 3A) . DAP eliminated biofilm in all S. aureus strains except the ⌬nuc1/nuc2 mutant, where it remained unchanged with 30 g/ml DAP (Fig. 3A) and was decreased only after 500 g/ml DAP (data not shown). Untreated SE1457 wt and its ⌬luxS mutant produced very strong biofilm, which was reduced 2-to 3-fold by DAP in both strains (Fig. 3A) .
Adherent staphylococci numbered 10 7 to 10 8 CFU per well except for the ⌬nuc1/nuc2 mutant, which showed higher numbers of 10 11 CFU/well. DAP did not significantly lower CFU counts independent of biofilm, nucleases, adhesins, autolysins, and alanyl-LTAs (Fig. 3B) . Precoating of the plates with plasma proteins did also not allow a significant eradication of adherent staphylococci (data not shown).
Tolerance to daptomycin is linked to physiological status of bacteria. These surprising results suggest that, despite an effect on the biomass, DAP was not bactericidal on adherent cells. To investigate whether DAP resistance of adherent staphylococci was reversible, the efficacy of 30 g/ml DAP against detached MRSA was determined. DAP was found to be bactericidal against detached MRSA cells 24 h after incubation ( Fig. 4A and B) . To confirm these in vitro data, dispersed (Fig. 4C) . DAP was bactericidal, and the effect was independent of a previous in vivo DAP treatment. These data indicate that adherent bacteria were not genotypically resistant to DAP but tolerant. This tolerance was linked to the physiological status of the bacteria and therefore fully reversible after detachment.
To determine whether adherent bacteria inactivated DAP, the bactericidal activity of a supernatant of adherent, treated MRSA was tested with fresh planktonic MRSA. DAP in the supernatant was able to inhibit growth of planktonic MRSA, indicating that adherent bacteria did not inactivate DAP (Fig. 5) .
Daptomycin efficacy is partially overcome by increasing Ca 2؉ concentrations. Adherent staphylococci did not inactivate DAP but might restrict accessible calcium ions (Ca 2ϩ ) required for killing by DAP. Therefore, we asked whether there was a calcium competition between DAP and staphylococci. To answer this question, 30 g/ml DAP was preincubated with 50 mg/liter Ca 2ϩ for 2 h to lock DAP in its active conformation. This time period was considered sufficient for the formation of the active DAP conformation because timekill studies showed bactericidal activity against stationaryphase-grown staphylococci above 20 g/ml of DAP within 1 to 2 h (12). The efficacy of Ca 2ϩ -preincubated DAP against adherent MRSA was similar to that of nonpreincubated DAP, since numbers of adherent MRSA cells were similar (9.8 ϫ 10 6 and 1.7 ϫ 10 7 CFU/ml, respectively). Increasing Ca 2ϩ may enhance bactericidal activity of DAP on adherent bacteria. Therefore, the influence of a Ca 2ϩ concentration above 50 mg/liter on DAP efficiency against adherent MRSA was determined. Increasing physiological Ca 2ϩ concentrations added to 30 g/ml DAP progressively reduced adherent bacterial numbers; 100 mg/liter Ca 2ϩ led to a significant reduction of adherent MRSA by 2.5 log 10 CFU/ml (Fig.  6A ). Ca 2ϩ alone had no effect on bacterial survival (data not shown). To confirm these in vitro data, we investigated the effect of DAP treatment in a tissue cage MRSA infection with increased Ca 2ϩ concentrations. One day after infection, DAP with an additional 50 mg/liter Ca 2ϩ reduced the planktonic MRSA cell count by 2.7 log 10 CFU/ml (Fig. 6B) . Furthermore, DAP prophylaxis with additional Ca 2ϩ was able to prevent 60% of the cage-associated infections (Fig. 6C) . These data indicate that with increasing physiologic Ca 2ϩ concentrations the phenotypic resistance of adherent bacteria can be partially overcome.
DISCUSSION
Daptomycin (DAP) has potent activity against a wide range of Gram-positive bacteria, including beta-lactam-and vancomycin-resistant strains (35) . It is approved for skin infections, bacteremia, and endocarditis (7). However, in experimental implant-associated infection, DAP monotherapy failed for unknown reasons (12) .
Earlier results showed that stationary-phase bacteria had a 16-fold-higher MBC for DAP than bacteria in logarithmic growth phase (22) . As the fraction of stationary-phase bacteria increases with time after inoculation, a time-dependent failure rate of DAP treatment (12) probably resulted. Also in the present study in mice, DAP was ineffective after 1 day of infection; only the prophylactic application of DAP was highly efficacious. This suggests that treatment failure was due to the high quantity and/or the physiological state of the bacteria in the tissue cage. In this model, staphylococci change from the planktonic to the adherent phenotype and are increasingly embedded in a biofilm. Therefore, we investigated the effect of adherence and of biofilms on DAP responsiveness.
We observed the expected strong biofilm in S. epidermidis SE1457 wt and even more so in the ⌬luxS mutant, which lacks the quorum system with autoinducer 2-mediated ica repression (41). We confirmed low biofilm formation by all S. aureus strains except for the ⌬nuc1/nuc2 mutant, which lacks extracellular DNase and therefore accumulates more DNA-containing biofilm (2) . Independent of the amount of biofilm in untreated cells, DAP strongly reduced the biofilm at concentrations above the MBC log except in the ⌬nuc1/nuc2 mutant, which was more resistant against DAP. It was shown earlier that DAP is able to enter a biofilm (36) ; it may lead to biofilm dispersion via modulation of the cell membrane.
Our data show that the adherent growth mode and not the extracellular polysaccharide matrix formation was responsible for the DAP resistance to killing. A similar phenomenon was shown before for other antibiotics (31, 38) . These authors described a high resistance against oxacillin, vancomycin, teicoplanin, ciprofloxacin, and rifampin of adherent biofilm-positive and biofilm-negative S. epidermidis and of S. aureus strains, which were sensitive to all antibiotics in their planktonic state. Based on these results, the resistance to DAP in our study was likely independent of the antibiotic structure and mechanism of action. Accordingly, we found no evidence for inactivation of DAP by staphylococci. Furthermore, the reversibility of the resistant phenotype upon detachment excluded the genetic perturbations, which had been previously associated with DAP resistance, including point mutations of mprF, rpoB, and yyCG (1, 6, 8) . However, it appeared that adherent staphylococci adapted to DAP and became tolerant, resulting in treatment failure. This may be due to their metabolic status, with a higher net positive charge, which accompanies all adherence (39) , and with an enhanced membrane stability. Support for this hypothesis is provided by three observations. First, the ⌬dltA mutant, which has a lower positive charge and thus adheres less to polystyrene (30) , expressed an enhanced DAP susceptibility. Second, a DAP-resistant clinical isolate showed enhanced ⌬dltA expression (42) . Finally, DAP resistance was found associated with an mprF mutation, which led to higher lysyl-phosphatidylglycerol in the membrane and thus better membrane integrity (14) .
Adherence in a polystyrene plate does not mirror biofilm formation in a medical device, because in the first case hydrophobicity and atl (3) play a role, while in vivo the interaction between MSCRAMMs and host extracellular matrix molecules initiates biofilm (27) . We used both adherence settings, with and without plasma coating, and the in vitro assays fairly predicted the in vivo effects.
Interestingly, we could overcome DAP resistance of adherent bacteria in vitro and in vivo by increasing Ca 2ϩ concentrations. This effect was not due to early DAP-Ca 2ϩ complex formation, but it may have altered the ionic forces involved in adhesion.
In conclusion, our data revealed that DAP is inefficient in experimental implant-associated infections and showed that this effect is independent of biofilm but influenced by physiological modulations of extracellular Ca 2ϩ .
